Introduction
============

Breast cancer (BC) is a global health problem as a leading cause of cancer-related deaths in women [@B1]. Only in 2012, nearly to 1.7 million new cases of BC were registered around the world, which represented close to 12% of all cancers in that year [@B2]. About half the breast cancer cases and 60% of deaths are estimated to occur in economically developing countries. Currently, BC is classified into five major groups based on molecular profiling. Triple negative breast cancer (TNBC) is defined clinically as negative for estrogen and progesterone receptors (ER-negative, PR-negative) as well as negative for human epidermal growth factor receptor type 2 (HER2-negative) [@B3].

Worldwide, approximately 15% of breast tumors correspond to TNBC [@B4],[@B5]. At present, there is no specific therapy for these patients; however, the standard treatment consists of surgery, radiation and co-adjuvant treatments based on anthracyclines (doxorubicin, gemcitabine, capecitabine, vinorelbine, ixabepilone) and taxanes [@B6]. The main consequences of current chemotherapy agents are cardiotoxicity, and both neuro- and hemato-toxicity in patients with prolonged treatments [@B6].

Solid tumors present a disturbed metabolism, i.e. glycolytic rate, and glucose absorption increments that in consequence produce high lactate concentrations, known as the Warburg effect or aerobic glycolysis [@B7]. Thus, cancer cells require glucose as a primary source of energy to supply ATP to maintain their active metabolism and proliferation [@B8]. A key enzyme regulating this process is the isoform A of the lactate dehydrogenase (LDH-A), which catalyzes the reversible conversion of lactate to pyruvate [@B9]. Released lactate into the extracellular matrix increase cancer cell motility and invasion through the activation of metalloproteases [@B10]. Besides can inhibit activation, differentiation and expression of antigens in dendritic cells [@B11]. Hence, lactate has been proposed as an onco-metabolite [@B12]. Tumor lactate content has been considered as a prognostic parameter in the clinic for cervical and head-and-neck cancers after observed that patients with high lactate concentration are likely to develop metastasis and to present lower survival probabilities [@B13],[@B14]. All these distinctive attributes of tumor cells promise therapeutic targets. Hence, it is feasible to use selective drugs to inhibit directly glycolysis and ATP generation, promoting apoptosis in tumor cells with reduced cytotoxicity in normal cells.

Several findings support the use of oxamate (Ox)- a competitive inhibitor of LDH-A and aspartate aminotransferase (AAT)- as a glycolysis and cellular growth inhibitor *in vitro* and *in vivo* studies with HeLa cells, cervical, breast and astrocytoma cancer [@B15],[@B16],[@B17],[@B18],[@B19],[@B20]. Moreover, since its chemical structure is very similar to pyruvate, it is likely to be safe for humans [@B20]. It is known that once LDH-A is inhibited, levels of ATP diminish and mitochondrial reactive oxygen species (ROS) production increases, accelerating tumoral cell death through apoptosis [@B20],[@B21],[@B22],[@B23]. Therefore, it is rational to assume that LDH-A inhibition blocks glycolysis and potentially provokes deleterious changes in the tumor metabolism.

Recently, evidence of Metformin -the most commonly prescribed antidiabetic drug for type II diabetes- as an anticancer drug has been gathering [@B24]. Metformin inhibits proliferation in different cancer cell lines including breast, glial, prostate, and gastric cancer [@B25],[@B26],[@B27],[@B28] through the inhibition of the respiratory chain -complex 1-, decreasing ATP synthesis and thus producing an increment in the activity of the AMP-promoted kinase (AMPK) [@B29],[@B30]. AMPK is a crucial regulator of lipids and glucose in response to metabolic alterations and intracellular levels of ATP [@B31]. When AMPK is active, Mammalian Target of Rapamycin (mTOR) is inhibited and so are ATP-dependent processes such as protein, fatty acid, and cholesterol biosynthesis, as well as gluconeogenesis [@B32]. A very new investigation demonstrated that the use of phenformin (a biguanide antidiabetic drug) together with oxamate is a potent anticancer formulation that leads to cell death by apoptosis *in vitro*, and reduces tumor growth*in vivo* [@B20].

With the previous evidence in mind, we hypothesize that drug-targeting molecular and metabolic pathways that are aberrantly-activated in tumor cells, we could inhibit tumor growth cell by inhibiting Warburg effect, and nucleic acid synthesis; activating apoptosis and autophagy. For that purpose, we used a combination of Doxorubicin, Metformin, and Sodium Oxamate (DoxMetOx). As a result, the pharmacological combination was able to dramatically reduce the tumor growth since the first administration. Moreover, *in vitro* analyses showed that apoptosis was activated and caspase-3 and PARP were cleaved in cells treated with DoxMetOx. In addition, inhibition of mTOR phosphorylation occurred at the same time that LDH-A was inhibited, both at mRNA and protein levels. Such data suggest that both processes (mTOR phosphorylation and transcriptional activation of LDH-A) could be connected. Finally, treated cells with DoxMetOx also activated LC3-II, a molecular marker of autophagy. Taken together these results, strengthen the hypothesis that concurrent inhibition of mTOR and LDH-A leads tumor cells to activate apoptosis and autophagy. Our investigation sheds light to patients diagnosed with TNBC, a tumor with lower survival expectation than other breast cancer phenotypes.

Methods
=======

Drugs
-----

Doxorubicin (Doxolem) (Dox); Metformin (1-1dimethylbiguanidine hydrochloride, Santa Cruz® sc-202000A) (Met); Sodium Oxamate (Ox) (Santa Cruz sc-215880). Concentrations *in vitro*: as indicated. Dose *in vivo*: Met 200 mg/Kg, Ox 15 mg/Kg, and Dox 1 mg/Kg.

Cell culture
------------

The MDA-MB-231 human mammary adenocarcinoma cells, with mutation in p53 and negative expression of epidermal growth factor receptor type 2 (HER2) receptor, they express low levels of androgen receptors, and are highly invasive, were purchased from the American Type Culture Collection (ATCC). Cells were cultured in GIBCO® RPMI-1640 media supplemented with 10% FBS (Biowest®), 5 mL/L penicillin/streptomycin (GIBCO®), and maintained at 37**°**C, 5% CO~2~ in air and 95% humidity.

Cytotoxicity Assay by Sulforhodamine B (SRB) assay
--------------------------------------------------

MDA-MB-231 cells were incubated in 96-well plates at a density of 7000 cells/well. The cells were treated with different concentrations of Dox, Met or Ox for 4, 24, 48 and 72 h. In a separate plate (day 0), 7000 cells/well were seeded, incubated and allowed to attach for 4 hours. At the end of every incubation time, either with or without treatment, cells were fixed with cold trichloroacetic acid 10% (TCA) at 4**°**C for one h. TCA was removed, and plates washed with tap water and air dried. Finally, 100 μL of SFR-B were added to each well and incubated at room temperature for 30 min, wells were washed with 1% acetic acid to remove unbound dye. The dye was dissolved in 10 mM Tris base solution (pH 10.5) and stirred over 5 min. Optical density (OD) was measured in an Epoch Microplate Spectrophotometer (Bio-Tek) at 510 nm. Results are expressed as the concentration that inhibits 50% of control growth after the incubation period (IC~50~). The values were estimated from a semi-log plot of the drug concentration (mM/mL and μM/mL) against the percentage of growth inhibition [@B33].

MDA-MB-231 subcutaneous xenograft model
---------------------------------------

All *in vivo*experiments were performed following animal care guidelines approved by the Committee for Animal Research and Procedures of the National Nutrition Institute of Mexico \"Salvador Zubirán\" (Project No. 768). Thirty-five female nude mice (nu/nu) were used when they were 4-week-old, food and water were provided *ad libitum*, and animals were housed in cages with microisolators in a 12-h light and dark cycle. MDA-MB-231 cells (10 x 10^6^ in 100 μL of 0.9% saline solution) were implanted subcutaneously into the right flank of all mice and allowed to grow up to the subcutaneous xenografts tumors became visible (approximately 50 mm^3^ in size), mice were random assigned to be treated intraperitoneally for 15 days with all possible combination of drugs (as single treatment and combined drugs). Tumor sizes were measured by calipers every day and their volumes were calculated according to the formula of (width^2^ × length)/2 [@B34]. Hence, seven different groups of five mice each were treated as follows: **1)** positive control, Dox (1 mg/Kg); **2)** Met (200 mg/Kg); **3)** Ox (15 mg/Kg); **4)** Dox/Met (1 mg/Kg/200 mg/kg); **5)** Dox/Ox (1 mg/Kg/15 mg/Kg); **6)** Met/Ox (200 mg/Kg/15 mg/Kg); and **7)** Dox/Met/Ox (1/200/15 mg/Kg). All animals were humanely euthanized. At the end of the model development, a representative sample of three animals from group seven was kept for three months for disease recurrence monitoring.

(^18^F)-FDG micro PET
---------------------

Micro PET imaging was performed at Faculty of Medicine, National Autonomous University of Mexico (UNAM), by using the Micro PET Focus 120 Concorde Microsystem, Siemens equipment and the OSEM 3D Siemens software. This technique was employed to follow disease progress in the animal model. Briefly, mice were anesthetized with an isoflurane/oxygen (0.5 L/min) induction chamber during 5 min; 200 μL of (^18^F)-FDG were injected via caudal vein, with a bio-distribution time of 45 min; static images were acquired during 30 min. Micro PET images were taken on three different occasions: 1) basal state before treatment started, 2) in the middle of the treatment, and 3) at the end of treatment.

Primary Culture
---------------

A primary culture was grown from tumors of the xenograft. Cultures were maintained in RPMI-1640 medium supplemented with SFB 10% under incubation conditions and treated with Dox, Ox or Met and their combinations during 4, 8, 12 and 24 h, keeping the same concentrations used in the others *in vitro*experiments. These cells were harvested for Western blotting and qRT-PCR assays.

qRT-PCR
-------

Total RNA was purified from MDA-MB-231 cell line using RNeasy Mini Kit (Qiagen, Valencia, CA). The quality and concentration of RNA in samples was determined using gel electrophoresis and Epoch Microplate Spectrophotometer (Bio-Tek). 500 ng from the different treatments conditions were used for cDNA synthesis using iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA), according to the manufacturer\'s instructions. The LDH-A primer set employed to analyze gene expression levels was designed by an experimentally verified computer algorithm, and tested in a quality control assay to guarantee a yield of a single band of 165 bp by agarose gel electrophoresis. The sequence of primers was as follows: forward 5´ TTGCAACCGCTTCC ATAACACGG 3´ and reverse 3´ TGGTCCAGCGTAACGTGAACATCT 5´. Real-time PCR was performed using FastStart SYBR Green master. In Light Cycler 480 instrument II (Roche, Mannheim, Germany) according to manufacturer´s protocol. Triplicate RT samples were utilized in each assay; data were normalized with ß-actin housekeeping gene and in a parallel way was used GAPDH. The comparative Ct method (ΔΔCt) was employed to quantify gene expression, and the relative quantification was calculated as 2^-ΔΔCt^.

Western blotting
----------------

After pharmacological treatments, total protein from primary cultured cells was extracted using RIPA buffer (Santa Cruz Biotechnology sc-24948). From these extracts, 50 μg of protein were separated by SDS-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride (PVDF) membrane (GE Healthcare, USA) in a semi-dry chamber Trans Blot Turbo (Bio-Rad) at 25 V 1 mA for 30 min. After blocking with 5% of non-fat milk for 2 h, the membrane was incubated with the specific antibody overnight at 4°C on a rocking platform, washed, and then incubated with the corresponding secondary antibody for 2 h at room temperature. The blot was visualized using the SuperSignal West Femto chemiluminescent substrate (Pierce) in a C-Digit scanner (LI-COR)^™^ employing the IMAGE STUDIO (LI-COR) software.

The primary antibodies for apoptosis were purchased from Santa Cruz Biotechnology (Santa Cruz, CA): anti-PARP-1 (1:3000, sc-8007) and anti-Caspase-3 (H2777) (1:3000, sc-7148). Antibodies for autophagy: anti-LC3 from Cell Signaling Technology (1:2000, \#2775), mTOR (1:3000, Cat. 2983), Phosphorylated-mTOR from Invitrogen (1:3000, Cat. 2971); and, for glycolysis anti-LDH-A (1:1000, sc-27230) from Santa Cruz Biotechnology. All secondary antibodies were obtained from Santa Cruz Biotechnology: anti-mouse (1:5000, sc-23719), anti-rabbit (1:5000, sc-2370) and anti-goat (1:3000, sc-2020). The positive control for apoptosis was UV (10 min of exposure). β-actin (1:3000, Santa Cruz Biotechnology sc-4778) was used as an internal control.

Statistics
----------

All experiments were carried out in triplicate unless mentioned. Differences among treatments were evaluated by ANOVA using the Dunnett method for multiple comparisons. For all statistical analyzes, we used the GraphPad PRISM version 5.0 software with an acceptable significance of p\<0.05.

Results
=======

Cytotoxic effect of the DoxMetOx therapy in the MDA-MB-231 cells
----------------------------------------------------------------

MDA-MB-231 cells were treated with Met, Ox, or Dox, or all possible combinations as described in Materials and Methods. The IC~50~\'s were obtained by the SRB assay. The IC~50~ values for single drugs were of rapid achievement (4h) and were also stable along time (maintaining the same effect from 4 to 48 h). Figure [1](#F1){ref-type="fig"}A-C displays IC~50~ values (Dox 0.5 μM, Met 25 mM, and Ox 15 mM). As depicted in Figure [1](#F1){ref-type="fig"}D, DoxMetOx keeps the same IC~50~ values as for monotherapy and respect rules of persistent-time-action and initiating point. Even more, the IC~50~ values when tested as duplets, the concentrations stayed the same (data not shown). The IC~50~values used were the same in all *in vitro* studies.

DoxMetOx reduced tumor growth in vivo tracked by (^18^F) FDG micro PET
----------------------------------------------------------------------

Progression of disease and response to treatment was monitored by micro PET image acquisition employing (^18^F)-FDG as a metabolic radionuclide tracer as described in material and methods, following the timetable illustrated in Figure [2](#F2){ref-type="fig"}A. In Figure [2](#F2){ref-type="fig"}B-D, are shown the last images of the evolution of tumor growth after treatments. The 18F-deoxiglucose accumulates in the brain, heart and bladder, zones of the body that are in bright red in the image. Tumor cells, due to their high proliferation rate, have a greater intake of deoxyglucose, thus coloring the tumor in red as occur in the other organs. As it can be noticed in Figure [2](#F2){ref-type="fig"}D when tumors treated with DoxMetOx, there is no deoxyglucose intake in the area where the MDA-MB-231 cells were transplanted. All pictures were taken from a representative sample of each group.

The tumors were measured daily to generate a graph of the tumor response to treatments. As depicted in Figure [2](#F2){ref-type="fig"}E and 2F, monotherapies had no significant reduction in tumor size except for Dox (\*p=0.05). Also, none of the duplets tested (Met/Ox, Dox/Ox, or Met/Dox) enhanced the effect of Dox alone. On the contrary, when tumors treated with DoxMetOx they stop growing in 48 h, maintaining the same volume until day eight, to finally lead to an absence of measurable tumor mass (\*p=0.05). Furthermore, in a gross external examination, the animals that belonged to DoxMetOx did not experiment toxic effects during the treatment, and moreover, three animals were kept in the vivarium for five months and no disease recurrence was observed.

Activation of Apoptosis by DoxMetOx treatment
---------------------------------------------

To evaluate apoptosis cell death in MDA-MB-231 cells by the different treatments, we next carried out an assay of Western blot using PARP-1 and caspase 3 as apoptosis markers. When drugs were administrated as monotherapy (Figure [3](#F3){ref-type="fig"}A-C), both, Dox and Ox, slightly increased the expression of the full-length procaspase 3 or cleavage of PARP-1 in comparison to Met, who presented a major expression of both proteins and in shorter times. Single treatments had a time-dependent pro-apoptotic effect. Whereas the DoxMetOx therapy showed a substantial up-regulation of cleaved PARP-1 from the 4 h time point, which corresponds to the detection of cleaved effector caspase 3, maintaining the effect along tested times. The duplet Met/Ox had similar result since 12 h with cleaved PARP-1.

Western blot results, proved the induction of apoptosis in MDA-MB-231 breast cancer cell line by DoxMetOx, by both caspase-dependent and PARP-dependent apoptosis cell death, enhancing the Met proapoptotic activity

Moreover, the annexin V assays provided support for the pro-apoptotic effect of the combination DoxMetOx. As depicted in Figure [3](#F3){ref-type="fig"}F, when the three drugs are together, after 48 h of treatment 87% of the cells enter into apoptosis, effect that remains for 72 h. In comparison, when cells are treated with the drugs individually, doxorubicin is highly toxic after 72 h (Figure [3](#F3){ref-type="fig"}F). On the other side, metformin and oxamate are less aggressive but also time-dependent (Figure [3](#F3){ref-type="fig"}F). Metformin and Oxamate after 48 h induced early apoptosis in 31% and 11%, respectively. Interestingly, the proapoptotic effect of the oxamate increases in time to 47% (Figure [3](#F3){ref-type="fig"}F).

DoxMetOx is likely to induce autophagy through LC3 protein activation and mTOR inhibition
-----------------------------------------------------------------------------------------

The induction of autophagy was evaluated through LC3 protein activation and inhibition of phosphorylated-mTOR (p-mTOR) by Western Blotting (Figure [4](#F4){ref-type="fig"}A-E). As single treatments, Met and Ox moderately favored the inhibition of p-mTOR and increased LC3-II accumulation (Figure [4](#F4){ref-type="fig"}B and C); on the contrary, such effect was not observed with Dox, which unexpectedly increased the p-mTOR signal (Figure [4](#F4){ref-type="fig"}A). The duplet Met-Ox inhibited p-mTOR after 12 h of treatment, and it does fairly increment the conversion of LC3-I to LC3-II (Figure [4](#F4){ref-type="fig"}D). In contrast, DoxMetOx promotes the inhibition of phosphorylated mTOR and a significant increment in the conversion of LC3-I to LC3-II at 4 h (Figure [4](#F4){ref-type="fig"}E). These data suggest that the DoxMetOx therapy could also induce tumor cell autophagy in early stages even more efficiently than Met alone, which in our results seem to require longer time to inhibit p-mTOR (Figure [4](#F4){ref-type="fig"}B).

DoxMetOx inhibits LDH-A expression
----------------------------------

RT-PCR and Western blot experiments were performed to assess expression levels of LDH-A as a marker of glycolysis. As depicted in Figure [5](#F5){ref-type="fig"}, Oxamate -the specific inhibitor of LDH-A- had a time-dependent inhibition response; it could require a longer treatment or a higher concentration since incomplete LDH-A inhibition was observed. Dox did not inhibit LDH-A expression. Nevertheless, when Dox was added to the Met-Ox duplet, the LDH-A was undetected by end-point RT-PCR or Western blot since four hours, and the effect persisted up to 24 h. No single treatment or other combinations showed a similar inhibition effect.

Discussion
==========

Triple negative breast cancer therapy is still a challenge due the complexity of the disease. Standard treatments such as hormonal therapy or trastuzumab are not functional, because of the lack of the receptors Her2, ER y PGR [@B35],[@B36] (Couch, et al., 2015; Bernier and Poortmans, 2016;). On the other side, the use of cisplatin and doxorubicin, derive in nephro and cardiotoxicity consequences, respectively. Currently, treatment options explored for this type of BC are focused on drugs controlling cell proliferation and induction of cell death. For instance, targeting the epidermal growth factor receptors (EGFR), which is overexpressed in TNBC using monoclonal antibodies such as cetuximab or inhibitors as gefitinib [@B37],[@B38] \[Reddy, 2011; Baselga 2002\]. Inhibition of PARP1 has been very successful, especially because it has been demonstrated that the combination of such agents with cisplatin or doxorubicin, reduces their secondary toxic effects; and inhibitors of Ras, MEK/ERK, mTOR, heat shock proteins, or VEGF, proteins implicated in cell proliferation and overexpressed in tumor cells (Reddy, 2011).

Anticancer therapies have been developed through the years, but the deregulation of cellular energetics has been approached less frequently. Our work shows the striking effect of a novel combined therapy comprising Metformin, Oxamate, and Doxorubicin, which target key hallmarks of cancer: nucleic acid synthesis, mTOR and LDH-A inhibition leading to apoptosis and autophagy activation. The experimental group of mice that received DoxMetOx therapy exhibited complete tumor growth suppression and i*n vitro* results showed evidence of enhanced apoptosis and autophagy, which is consistent with an energetic metabolism reprogramming. Metformin is not limited to its function as the preferred drug for diabetes, as it has been demonstrated that it has antineoplastic activity as well. *In vitro,*the Metformin inhibits cell proliferation [@B32], and induces caspase- and PARP-dependent apoptotic cell death in several breast cancer cell lines [@B26],[@B39]. *In vivo*, it has been a successful tumor growth inhibitor in colon, breast, pancreatic, and lung cancers [@B25],[@B26],[@B27],[@B40],[@B41],[@B42],[@B43]. Nevertheless, it is known that its use as an anticancer monotherapy drug is not effective.

Oxamate has been associated with antimetabolic effect, the inhibition of TCA cycle mediator production, and reduction of the glycolytic flux and the electron chain transport activity [@B17]. Moreover, *in vivo*it has shown tumor growth reduction in two hepatocellular cancer cell lines [@B44]. Additionally, Oxamate significantly arrests lung cells in G0/G1 phase [@B45], and Metformin induces cell cycle arrest in G1 phase in TNBC cell lines [@B26]. Finally, Doxorubicin is a well-known antineoplastic drug, which is a DNA intercalator that acts as a nucleic acid synthesis inhibitor [@B46].

The IC~50~ values obtained for the tested drugs are consistent with values reported somewhere else [@B45],[@B47], and the doses used *in vivo*of the three drugs were in the lower end of the recommended clinical dosage range for humans in the case of metformin and doxorubicin [@B48], and for animals in the event of oxamate [@B21]. Therefore, the doses employed in our work are in agreement with other findings both *in vitro* and *in vivo* related to the toxicity range of the drugs.

In the murine model, mice carrying tumors subjected to the DoxMetOx therapy stopped growing after 24 h of the first drug administration and tumor volume kept stable for six days. Nevertheless, on day 11 tumor mass was complete eradicated, analyzed by both FDG-microPET and tumor volume measure. Indeed, the action of the DoxMetOx therapy was surprisingly fast; in the murine model it took only 24 h to stop tumor growth, followed by a complete elimination of the xenograft. Furthermore, animals of the DoxMetOx group were free of disease five months after finishing therapy, which confirms tumor elimination; these animals did not present obvious toxicity signs during the 15 days of the DoxMetOx therapy.

Recently, Miskimins and colleagues [@B20] published that the combination of oxamate and phenformin, act in synergy inhibiting proliferation in the breast, melanoma, colon, lung and prostate cancer cells. Also, *in vivo* this drugs combination showed a considerable reduction of the tumor size after 21 days of treatment. They suggested that the phenformin-oxamate combination increases apoptosis through the inhibition of complex I in the mitochondria by phenformin and simultaneously targeting the LDH in the cytosol by oxamate. Even though phenformin is a chemical analog of metformin, we did not observe any significant inhibition of tumor growth when metformin and oxamate were co-administered *in vivo* in our study.

According to data presented here, none of the three drugs used as monotherapy favored apoptosis or autophagy (Figures [3](#F3){ref-type="fig"}A-B and 4A-C). However, when the combination DoxMetOx was tested *in vitro*, they had an enhanced proapoptotic effect and showed the initiation of autophagy. Our results demonstrated that DoxMetOx leads to apoptosis by two mechanisms, the caspase- and PARP-dependent pathways. Such findings are supported by the flow cytometry results, where DoxMetOx showed a rising effect of apoptosis since the first 48 h after treatment keeping the same activity until 72 h. It is notable that the combination of the three drugs diminished the cytotoxic effect of the doxorubicin and restored the apoptosis death capacity of cells in short times.

Respecting to LDH-A expression a surprising result was observed, DoxMetOx was capable to inhibit LDH-A completely both at mRNA and protein level; suggesting an inhibition of transcription of the gene; however, more experiments are needed to clarify this point. Such effect was unexpected since neither oxamate as monotherapy nor the duplets that included it, had substantial effects on LDH-A inhibition or apoptosis death, as the previously reported for lung cancer cells [@B45]. The LDH-A enzyme is known to be overexpressed in breast cancer [@B49],[@B50], and its inhibition blocks aerobic glycolysis in tumor cells without harming normal cells that do not require LDH-A in the presence of oxygen; this protective effect to non-malignant cells could explain the non-toxic effect of the DoxMetOx to the surrounding tissue in the animals or even toxic systemic visible symptoms in nude mice.

The role of autophagy in cancer is part of an important debate. It has been documented that autophagy has a pro-tumorigenic function in the invasion and metastasis processes [@B51],[@B52]. Whereas there is also evidence, that supports tumor suppressor function in early stages through the protein Beclin-1 [@B53]. Our results provide insight into the crosstalk between apoptosis and autophagy generated by anticancer therapies. A key step involved in this event is the inhibition of mTOR, the target of new drugs, which currently are under clinical trials for lung, blood, breast, and kidney cancers [@B54].

Phosphorylated-mTOR was inhibited *in vitro* by the DoxMetOx therapy in four hours. At the same time point, the drugs lead to accumulation of LC3-II that is an essential protein in the formation of the phagophore, initial step of autophagy efflux that lately leads to its elongation and closure to form the autophagosome, that when fused with lysosomes initiate the degradation of the different cellular contents in the autophagolysosome [@B55]. Thus, the detection of LC3-II is significant to identify the autophagy process or even autophagic death.

The evidence provided by our group so far suggest that the DoxMetOx therapy kills the tumor cell in a very effective way and in short times (4 h). However, it is important for further investigation to describe cellular effects within a shorter period to unravel the cellular mechanisms switched on implicated in cell death and tumor mass suppression. In this context, we propose that when drugs are in combination, tumor cells fall into an energetic crisis and, as a consequence, apoptotic death is reactivated, either initiated or followed by autophagy, suggesting that all events are possibly derived mainly from the inhibition of glycolysis via the LDH-A inhibition.

Simultaneously, our research group found that in an associated inflammatory model of colorectal cancer in Balb/c mice, the administration of the combined treatment at the same dose, accomplished a reduction in the number and size of tumors in comparison to Dox used as positive control. These results correspond to our findings in mice carrying tumors of the TNBC cell line MDA-MB-231. Interestingly, after 4 h of treatment with the DoxMetOx therapy, three biological events were recorded: apoptosis cell death, induction of autophagy, and glycolysis inhibition in both murine models.

Conclusions
===========

Currently, therapeutic explorations in cancer are focused on disease metabolism considering, on one hand, a specific action on cancer cells, and on the other, procuring no-side effects on normal cells. Understanding the biology and behavior of cancer cells is fundamental towards these aims.

Present work shows a new therapeutic strategy for triple negative breast cancer that dramatically reduced the tumor growth in mice in a short time, where the effectiveness was preserved for five months after finishing the therapy. The chosen drugs seem to act directly on tumor cells by inhibiting glycolysis and mTOR signaling, and activating mechanisms that lead eventually to apoptosis. Moreover, our therapy enriches with molecular evidence, the link between autophagy and apoptosis mechanisms of death. These findings are highly promising for future clinical trials on humans.
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![***Cytotoxic effect of Metformin, Oxamate or Doxorubicin, and their combinations against MDA-MB-231 cells in the SRB assay.*** MDA-MB-231 cells were treated with Met, Ox, or Dox alone, and all possible combinations for 4, 24, 48 and 72 hours at different concentrations. Estimated IC~50~ values are Dox 0.5 μM, Met 25 mM, and Ox 15 mM.](jcav08p0178g001){#F1}

![**Tumor growth *of MDA-MB-231 xenotransplant in nude mice after different treatments.*** A) The schedule followed for drug administration and microPET monitoring. B-D) Results of the third micro PET imaging acquisition. The disease progression was monitored by the molecular imaging technique micro PET using the radionuclide (^18^F)FDG on three different occasions: basal state, day eight and day 15 (end of treatment). The acquisitions were performed in transverse and coronal cuts. Animals were euthanized at the end of the treatments. B) Monotherapies: Dox, Met, and Ox; C) Duplets: Met/Dox; Dox/Ox and Met/Ox; and D) DoxMetOx (\*p\<0.05). In all cases were used the same doses: Dox 1 mg/Kg, Met 200 mg/Kg, and Ox 15 mg/Kg. The (^18^F)FDG is accumulated in the brain, heart and bladder, colored in bright red in the picture. Tumors are also colored in red in the right flank of the animals. The DoxMetOx group showed a complete remission of the tumor mass at the end of treatment, no presence of the radionuclide accumulation or disease recurrence were detected. Assays were performed at least on three independent occasions with three animals in each experiment. E) Nude mice were inoculated with 10x10^6^ MDA-MB-231 cells on the right flank. Once the tumor reached a volume of 50 mm^3^, treatments started. Drugs were administered daily via i.p. for 15 days and tumor masses were measured and graphed ±S.E. The response of the animals to monotherapies Doxorubicin (1 mg/Kg) (p=0.05), Metformin (200 mg/Kg) and Oxamate (15 mg/Kg). F) Effect of duplets (Dox/Met; Dox/Ox; Met/Ox) and DoxMetOx against tumors. DoxMetOx reduced tumor mass growth (\*p\<0.005) in comparison to the other possible drugs\' combinations.](jcav08p0178g002){#F2}

![***Apoptosis activated by DoxMetOx.***A) Apoptosis induction identified by Western blot detection of PARP-1 and caspase 3. We searched for the effect of tested drugs or combinations at short times. As can be clearly observed (E) DoxMetOx could activate both, PARP-1 and caspase 3 at 4 h point time, as a continuous process along 24 hours. F) Finally, to corroborate our results we assayed apoptosis by means of flow cytometry after staining with Annexin V-FITC/propidium iodide. As can be observed in representative scatter plots of PI (y-axis) vs. Annexin V (x-axis), DoxMetOx therapy induced early apoptosis (lower right quadrant) since 48 h and at 72 h the induction of apoptosis was in 99% of tumoral cells.](jcav08p0178g003){#F3}

![***Early autophagy activation and inhibition of p-mTOR***. DoxMetOx was able to inhibit p-mTOR at 4 h, and the effect was maintained up to 24 h. The same occurred with LC3-II accumulation, in contrast to monotherapies or duplets.](jcav08p0178g004){#F4}

![**LDH-A inhibition by triple therapy.**mRNA and protein levels were analyzed by qRT-PCR and western blot, respectively. A) DoxMetOx inhibited the protein levels of LDH-A. B) mRNA levels were undetectable when DoxMetOx was administered.](jcav08p0178g005){#F5}

![**Proposed mechanism of action by the combination of metformin and oxamate treatment in triple negative breast cancer.** Sodium oxamate targets lactate dehydrogenase A (LDHA) results in the increase of oxidative phosphorylation which in turn increase oxidative stress and subsequent growth arrest; ensuing inhibition of glycolysis. Metformin induces the activation of LKB1 and phosphorylation of AMPK, leading to inactivation of mTORC1 and subsequent biosynthetic pathways such as mRNA biogenesis, ribosome biogenesis, and lipid synthesis, among others. This is a crucial step conducting to concurrent activation of apoptosis, mainly due to activation of autophagy and energy depletion.](jcav08p0178g006){#F6}
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